In this paper, we propose the application of time-domain near-infrared spectroscopy to the assessment of oscillations in cerebral hemodynamics. These oscillations were observed in the statistical moments of the distributions of time of flight of photons (DTOFs) measured on the head. We analyzed the zeroth and second centralized moments of DTOFs (total number of photons and variance) to obtain their spectra to provide parameters for the frequency components of microcirculation, which differ between the extracerebral and intracerebral layers of the head. Analysis of these moments revealed statistically significant differences between a control group of healthy subjects and a group of patients with severe neurovascular disorders, which is a promising result for the assessment of cerebral microcirculation and cerebral autoregulation mechanisms.
mean arterial pressure (MAP) range of 60-150 mmHg [27] . However, this finding, cited and illustrated in numerous publications is corrected by recent studies. It has been shown, by the analysis of 41 studies in healthy humans, that slope in MAP vs. CBF above and below resting MAP was found to be 0.81 ± 0.77 in the hypotensive range and 0.21 ± 0.47 in the hypertensive range [28] . This indicates that the brain defends more effectively against hypertension than hypotension [29, 30] . Moreover, the autoregulatory plateau of only ~10 mmHg was reported, when ABP oscillations were induced at 0.03 Hz [31] . The autoregulation mechanism operates similarly to a high-pass filter [28, 32, 33] , where fast oscillations in heart rate (HR), respiration rate (RR), and sympathetically generated Mayer waves are transferred from arterial blood pressure (ABP) to intracranial pressure and CBF, whereas low-frequency (LF) perturbations (f < 0.05 Hz) are attenuated. For an impaired autoregulation mechanism, the cutoff frequency for the high-pass filter is decreased and the LF components are transferred to CBF. These findings were applied to the evaluation of autoregulation loss in patients [34, 35] . However, for the reliable optical monitoring of these phenomena, the distinction between extra-and intracerebral oscillation is crucial. Therefore, in this study, we applied tdNIRS to the assessment of the filtering efficiency of spontaneous LF oscillations in cerebral hemodynamics by the autoregulation mechanism in afflicted patients and healthy subjects.
Methods

Instrumentation
The tdNIRS system developed for our measurements is presented in Fig. 1 . This system uses picosecond laser sources and time-correlated single photon counting electronics (TCSPC) on the detection site. A laser driver (Sepia II, PicoQuant, Germany) and four semiconductor laser heads were adopted in the system to deliver laser pulses at 687 nm and 830 nm to both hemispheres of the head using separate light sources. This solution avoided the use of additional beam splitters or inter-fiber connections and facilitated the minimization of additional reflections, which are extremely undesirable in time-domain techniques, and maximization of the light power emitted into the tissue. Light pulses from each pair of 687-and 830-nm laser heads were delivered to the surface of the head by bifurcated 2-m stepindex fibers with a diameter of 400 μm (Thorlabs, Sweden). Light pulses from both diodes were generated at a rate of 80 MHz and shifted between each wavelength at intervals of half of the repetition period by using different cable lengths. This temporal shift allowed us to analyze the DTOFs at both wavelengths within a single laser repetition period. The tips of the source fibers were arranged together with the tips of the detecting liquid light guides in two flexible fiber optic probes with a source-detector separation of 3 cm, which were located on both hemispheres of the head. The liquid light guides, which delivered diffusely reflected light to the detectors, were 2 m long and 4 mm in diameter, with NA = 0.48 (Newport, USA). For single photon detection, we used two high-speed hybrid photodetectors (HPM-100-50 Becker&Hickl, Germany). The power of the light delivered to the detectors was adjusted by neutral density filters located between the light guides and hybrid photodetectors and controlled by step motors. For the acquisition of the DTOFs, two PCI boards with TCSPC electronics (SPC-134, Becker&Hickl, Germany) were adopted. The recording of DTOFs during the experiments was triggered by a 10-Hz generator developed on the NI-DAQ 6221 board (National Instruments, USA). SPC-134 boards and an NI-DAQ 6221 controller were placed in a Magma PCI driver box (OSS, USA) and controlled by a laptop computer. To ensure stable measurement conditions, the system was subjected to a warm-up period of at least 45 min prior to each experiment. Instrumental response functions (IRFs) were measured immediately after each measurement by positioning the source fibers in front of the detection light guides with a sheet of white paper between them to fill the entire numerical aperture. The IRFs measured at both wavelengths for both detectors were no longer than 500 ps in full width at half maximum. Fig. 1 . Two-channel tdNIRS system equipped with four independent pulsed laser sources and two hybrid photomultipliers.
Data analysis
The DTOFs were acquired from two measurement channels with a sampling frequency of 10 Hz over 20 minutes of a resting state for healthy volunteers and 10 minutes for patients. It has been reported in previous studies that higher moments of DTOFs, particularly variance, are highly sensitive to changes in the optical properties of deep tissue compartments under fiber optic probes, whereas changes in the zeroth moment (ΔA) reflect relatively superficial variations [21, 22] . Considering these features, we calculated spectrograms of the ΔA and ΔV signals to derive information regarding the frequency components contained in both signals at both wavelengths. To calculate the amplitude spectra of ΔA and ΔV, fast Fourier transformation (FFT) calculations were performed in the Matlab R2017b environment. The spectra of ΔA and ΔV were parameterized by calculating mean values of the spectra for the low (0.005-0.1 Hz) and high (HF: 0.3-3 Hz) frequency ranges.
As outputs for this signal processing procedure, we introduced two factors, namely the attenuation autoregulation factor (AAF) and variance autoregulation factor (VAF). Both parameters are described as ratios between the LF and HF ranges of the spectra as follows:
AAF = P(ΔA LF ) / P(ΔA HF ) and VAF = P(ΔV LF ) / P(ΔV HF ).
AAF and VAF were calculated separately in for groups of healthy subjects and patients and the statistical significance of the distributions of these factors was evaluated by a t-test.
In vivo experiments
Measurements on the healthy subjects were performed under clinical conditions with a group of 22 volunteers (mean age of 35 years, 15 males, 7 females) with no diagnosed neurological disorders. Ten adult patients (6 males, 4 females) from the intensive care unit (ICU) of a secondary care hospital in Warsaw were included in the experiment. The clinical characteristics and mechanisms of cerebral injury are listed in Table 1 . All patients included in the study had severe brain injuries with high risks of impaired autoregulation mechanisms, which qualified them for this study. The patients were monitored by standard medical equipment (i.e., measurement of SpO2 and ABP every 5 minutes). These measurements were not synchronized with the tdNIRS method but were used to ensure that patients maintained stable conditions during the measurements.
Our measurement protocol was approved by the Ethics Committee of the Medical University of Warsaw, Poland and carried out by following the principles of the Declaration of Helsinki and national law. The subjects and patients were monitored in a supine position for 20 minutes for healthy subjects and 10 minutes for patients with fiber optic probes fixed on the surface of the head below the hairline or over the motor cortex region at the C3/C4 points according to the 10/20 electroencephalography system. The laser power was limited to a level below the permissible maximum exposure for human tissue. Written informed consent was obtained from all healthy subjects and patients or the legally authorized representatives of patients.
Because of the complicated and heterogeneous nature of TBIs, where intracranial, extracerebral, and intracerebral edemas, hematomas, and contusions influence cerebral circulation [15] , we decided not to distinguish between signals measured on healthy and afflicted hemispheres. All signals measured on both hemispheres at two wavelengths were simply compared to the control group directly.
Results
The signals acquired from the groups of healthy subjects and patients were analyzed by evaluating changes in the statistical moments of their DTOFs. Example time series of changes in light attenuation, mean time of flight, and variance of the DTOFs obtained from one of the healthy subjects is presented in Fig. 2 . Because of the high sampling frequency, it is possible to observe oscillations in the signals originating from heart activity and respiration at both wavelengths used for measurement. These frequencies are clearly visible in the signal of light attenuation ΔA in Fig. 2(a) . However, because of lower signal to noise ratios, they are barely visible in the signals of the higher order moments Δ<t> and ΔV. It should be noted that for the 830 nm wavelength, amplitude oscillations in ΔA of nearly double the magnitude of those for the 687 nm wavelength were observed. Considering that the signals for change in the variance of DTOF ΔV should be much less contaminated by extracerebral hemodynamics, further analysis focused only on the signals of light attenuation change ΔA and variance of DTOF ΔV. The results of FFT analysis for the signals of ΔA and ΔV for a healthy subject are presented in Fig. 3 .
These spectrograms were obtained at a wavelength of 830 nm for a male subject aged 38 years. In Fig. 3(a) , peaks reflecting frequency components from the heart beating and respiration are clearly visible in the light attenuation signal ΔA. In the spectrum of the ΔV signal (Fig. 3(b) ), these peaks are hidden below the noise level, but the arterial pulsation amplitude is visible. For variance, we observed a significant drop in the spectrum in the LF range (<0.1 Hz) compared to the same region in the ΔA spectrum. The results of power spectrum analysis for a representative TBI patient are presented in Fig. 4 , where the spectra for a male aged 47 years are shown. In the ΔA spectrum, one can see peaks corresponding to heart rate and respiration located at approximately 1 and 0.3 Hz, respectively. In the spectrum of variance ΔV, a much higher level of noise is observed. Compared to the control group of healthy subjects, a significant elevation in the LF spectrum range is also be observed. To highlight the observed effects, we propose a parameterization procedure. We analyzed the spectra for the ΔA and ΔV signals in two regions: the LF range (0.005-0.1 Hz) and HF range (0.3-3 Hz). The spectra of both groups were averaged in these ranges for each healthy In the variance ΔV graph in Fig. 5 (b) and 5(d), the differences between the LF and HF ranges are also significant in compared to those of the healthy subjects. For the wavelength of 687 nm, the mean level of the LF range was 2.0·10 compared to those of the HF components. In the spectral analysis of variance, it was observed that the LF and HF ranges for the healthy group were similar level, whereas for the patient group, the LF range had an amplitude significantly than that of the HF range. Regarding the assessment of LF and HF, we used the AAF and VAF parameters described in the methods section. The distribution of both parameters is presented in Fig. 6 . There are no statistically significant differences between the healthy subjects and patient group in terms of the AAF parameter for both wavelengths (p = 0.20 and p = 0.19). For the VAF parameter, statistically significant differences between the healthy subjects and patient group were observed for both wavelengths (p < 0.0001).
Discussion and conclusions
According to the features of the moments described above, we decided to focus on the amplitude spectra of light attenuation and variance to assess oscillations in brain and systemic circulation. The spectra were calculated after long-term measurements of both the healthy subjects and patients. In Fig. 2 , it was shown that basic oscillations (HR and RR) are observed in the pure signals of moments, especially in the attenuation signal ( Fig. 2(a) ) and spectra presented in Fig. 3(a) , where Mayer oscillations and the first harmonic of arterial pulsation were also present. Because of high noise level, the latter oscillations are hidden in moments of higher order. However, through the acquisition of a large number of signal periods with a sampling frequency of 10 Hz, we were able to observe the HR in the spectra of variance for the healthy subject group (Fig. 3(b) ). For the patients, the measurement duration was only half as long, and these frequencies were buried by the noise (Fig. 4(b) ). Moreover, in contrast to the group of healthy subjects, we observed oscillations in the LF range in the spectra of variance (Fig. 4(b) ) for the patients. This suggests that LF signals are present in the cerebral circulation of the patients. For the healthy subjects, this range was typically hidden in the spectra of ΔV (Fig. 3(b) ) but present in the spectra of ΔA (Fig. 3(a) ). Based on analysis of the oscillations in two different frequency ranges of 0.005-0.1 Hz and 0.3-3 Hz, we attempted to evaluate the autoregulation mechanism in both groups. In this study, we decided to analyze the statistical moments of DTOFs without further calculations to reveal the optical properties of tissues or other physiological parameters, such as changes in oxy-and deoxyhemoglobin concentrations, because the multiplication of a noisy signal amplifies the noise level and obscures the frequency components of the spectra.
Therefore, we determined that the autoregulation mechanism behaves like a high-pass filter, which blocks LF signals. In patients with severe brain disorders, this filtering effect could be disrupted. The tdNIRS system was applied to evaluate this effect. Statistical summaries of ΔA and ΔV for the LF and HF ranges at wavelengths of 687 nm and 830 nm for the healthy subjects and patient group are presented in Fig. 5 . For the light attenuation signal, which is contaminated by extracerebral tissues, LF components is observed for both groups. For variance, the LF range was obscured in the control group and reached a similar amplitude compared to the HF range, whereas in the patient group ΔV spectra, the LF range amplitude was significantly higher than that of the HF range. This indicates that the cutoff frequency for brain autoregulation becomes much lower or disappears for patients with brain injuries. Therefore, we confirmed that spontaneous oscillations in LF spectra are transferred directly to the CBF. This effect can be employed in the assessment of cerebral autoregulation [32] .
To quantify these phenomena, we introduced two parameters, namely AAF and VAF, as the ratios of the LF and HF ranges in their spectra. In Fig. 6 , it is shown that VAF presents a statistically significant difference between the two groups, whereas AAF is similar between the groups.
In our study we included a group of patients with severe brain injuries. Only three patients were discharged to their homes and seven patients died. Based on such severe cases, the sensitivity of our method was confirmed, but it was not applied to less severe injuries or during recovery. In such situation, low frequencies <0.1 Hz in the variance signal could be partially blocked in patients and the statistical differences between the healthy subjects and patients could be negligible. Furthermore, the average age of the healthy subjects was significantly lower than the patients (p< 0.0001), which likely affected the results.
Although the patients included in the study all had severe brain injuries, the group was heterogeneous in terms of primary mechanism of injury (10 patients, 5 types of injuries), age (58 ± 15), and gender (4 females, 6 males). However, during the analysis of the spectra of the moments and comparisons of AAF and VAF between cases, no significant differences were observed. The LF and HF ranges, as well as the AAF and VAF, were randomly distributed around the mean values of the group and uncorrelated with patient condition, gender, or age. However, to prove correlations, the sample size for each type of injury should be larger.
Other mechanisms that affects the results of the analysis presented in this study include the occurrence of edema of the brain in some patients. This effect is represented in computed tomography imaging as the loss of sulci, compression of basilar cisterns, and flattening of ventricular margins [38] . In the presence of edema, oscillations originating from the HR or respiration could be completely blocked in cerebral circulation. This would lead to falsification of the VAF parameter for patients with edema and decrease the specificity of the proposed method.
In the light of other studies, approach presented in this paper focuses only on narrow effect of cerebral autoregulation, which is filtering of low oscillations in cerebral microcirculation. More complex study [36] allows for integration of many brain and systemic signals to determine this mechanism. Simultaneous measurements of intracranial pressure and arterial blood pressure together with the transcranial Doppler or optical signals allow for autoregulatory curve observations [32] . Moreover, this kind of measurements could optimize patients care by assessment of the cerebral perfusion pressure, which should be maintained in the specific range to protect the brain from both ischemia and hyperemic injury [24] .
The tdNIRS technique was previously applied to cortex oxygenation assessment [37] and perfusion [38] successfully. Our present results demonstrate that tdNIRS used for the detection of autoregulatory deficiencies in patients with neurovascular disorders demonstrate significant final result. The frequency analysis of moments based on absolute units in Hz allows for comparative analysis of HR, RR, and other frequency components present in brain and systemic circulation for healthy subjects and patients. The tdNIRS technique combined with frequency analysis of the moments specially variance and VAF seems to be a promising tool for detecting deficits of cerebral autoregulation mechanisms. 
